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ON FLUCTUATIORS OF OZONE IN THE TROPOSPHERE AND STRATOSPHERE

Lfouo':ln‘ is a translation of an address presented
by Erich Regener to a convention of the JGGU in
Brussels on 30 August 1951. The address was publisked
in the Geraman language in the periodical Journmal of

Ahoa%erie and Terresrial Phyeies, 1952, Vol 2, pages
173182, Pergamon Press Ltd, London,/

1. Abstract

\":l'ho complexity of the prodlea of atuospheric osons is ex-
hidbited in the fluctuatioas of th:. omone econeentration at all

heights. In tho layer of air immediately adjoining the ground,
the osone content always sinks to sero when the air stagnates,
due to the effect of the ground, which is very destructive to
ozone. Ia the troposphers, advectioa plays the main part in
causing fluctuations. Widely varyirg vertical osone distribu-
tions Jave bdeen found receatly by aecans of the spesctrographie
method ixn ballooa aseaats. ,To explaiaz this, large—-seale bori-
sontal aad vertical umarv of air at great hcights muat be
sssunad .

2. Rodx of Addxaee

To speak of fluctuations of osone means to spesk of the
entire complicated prodlem of aticapberic oscne. We know that the
fluctuations vary according to time and locality. They occur at
all altitudes where ozoae is present at all. The asmplitude of
the fluetuatioas is differeat im all places and if pericdie var-
fatiocns ere imnvolved, daily and annval time iafluunces are superia-
posed upsa lesal ¢ffects. Ve com Sherefore expect that all fastors
which are material fer the eatire cscme problem are aore or less
effective ia relation te the fluotuatioms: the rete of formatien
and of the destruction of osome, ite geographic origia and evea
ite history. Given these conditions, it would seem adviaseadle
to assemble az much ocbaervational data as possidle and to growp
and 4aterpret individually noteworthy situwations. Ia the follow-
ing, thea, let us discuss in summary the relationships based upoa
old amd new measured data, progressisg from lower to higher altitudes.




The flustuations of the ozone content of air lsyers near
the gurface of the edrth sesn o us zoday t> be ine moet simple.
Percentage-wise, the fluctuaiians are alszc Iraatest here; for
here the ogone contert value of z2ero octurs st lsast fcr periods
of time bu: quite Ifrequeatly and under certazin coaditions even
regularly. This is an indication that thes surface of the earth
is the scene of considezable ozone destruction. In view of the
cheaical structure of ozone, this is to bes expected. Nverywhere
on the surface of the esrth, particuiarly theras where there is
vegatation, oxidizable subs:ances are Dresezt whica consume the
ozone. Dust which may de present in the sir and tre undustrial
gases of our cities function in the saxe manner. Czcae is alsd
consvied in catalytis roles upon coming into contact with coa-
pletely inactive solid bedies. Thers is & apontaneous deccmpo-
sition o2 o=one ever in a ccupletely ciean glass vessel which
naturally increases greatly witk the temperziure. he same apolies
in the free and confpletely clean atzcsphare.

“hen oz0ne¢ is found in the air near the earth, tbherelore,
it sust ocze 202 above -= froa those layers af air wanarein a
balanced concentration of osone is forzed sirough the ccembiaed
effects of osoze-building scd osone-3estroying weve lengths of
sunlight and by purely therzic, a=éd therefore g-eatly dependent
vpon temperature, ozone decooposition. Observations show that
tke theoretically calsulated osone diatridution can te chacged
loeally to a great degree through advection sad convection at all
altitudes. 3But at altitudes below 20 kilometers the relative
osone conteat of certalm moviag uasses 07 sir changes oaly very
gradually, besoming noticeable caly after seversl days (1), The
osone content areps rapidly only when in contest with the surface
of the sarth or with dust =-- & ocondition which ol course cannot
exist in olean air over exteusive bdodies ¢f water. According to
our present knowledge and opinicz, a photocheaical forastion of
osone in the vicinity of the earth's surface is not porsidle.
Oaly in strong electrical fields such as oceur iz storas is the
forzation of osone poemible through occaisicnal point discharges.
These occur 80 meldoa, however. that they could hardly play a
role iz the omone dalamoe.

The trensportation of cosone froa air strata whish are aot
influenced by the destructive effects of the earthk'’s surface dowmn
to earth aprareatly is bdrought atou® by turdulent exchsnges eof

T,  This turdulence can 7ary very auch in lfatensity and it can
De very local or wide-spread in extent. But it is froa the re-
latiorships delween the type and tle intcasity of ihe turbdulemce
and the decrease {n ogone coacentration nesr to the savta's suse
face that ore must draw conclusions as to tiie eSrength aof the onone-
deat=uvotive effects of the sarth. Observations show :ihat the osene
content can 4rop to tero in a very ahort tiae =« in 1«3 hours o=
not only in stagmant, coupletely atatiocnary air, wt aleo im the
pressnse of veaX, lasmipar winds passing slowly over flat serraia.




Observations algo show that ozone destruction at the surface of
the earth takes place particularly rapidly if during the night,
because of an inversion near the earth, s thin strata of air pre-
venta exchange with higher layers. In such a case, as soon a8 the
sun appears over the horison in the morping, the small and local-
ized thermal currents which result are sufficient to destroy the
inversion near the earth relatively quickly and to allow uninfluenced,
ozone~rich air masses to descend, Above flat terrain, the osone
destroying effects of the earth probably do not reach up vary far,
poeasibly 50-100 meters, naturally depeading upon the degree of
air mixing. \hen termperature inversicns extend over large areas
and where large aress of cold air settle in valleys, the effects
of course could extend upwards much further.

Given strong turbulence, especially with westerly gradieat
winds, the turbulent exchange takes place i ch sore rapidly and
also extends much further upward. Under these comditions, obser-
vations show that the trausfer of ozone from upper stratas over-
comes the destructive effects of the earth's surface and the amount
of osone at ground level 1s more or less squal to that im free air
at small altitudes.

This process is naturally greatly dependent upoa the local
conditiers asd orography and can Less bde desoribed by using ex-
amples. For this reason, I ahall now give aome measureaonts whiech
were made by Ay associatea in the viecinity of Triedrichshufen an
Bodensee (Lake Constance) shortly before and also duriag the war.
Conditions there where the large water surface aeets the flat
shore area are particularly simple and tbe individual effective
factors can be clearly traced in the measurements.

I1lustration 1 shows the daily progress of ozous eoatent
values messured dy R. Auer on fair, windless fall days usiag a
rapid-functioniag potassius iodide method. A high oscas content
1s resoguined duriang the daytime whied drops to a nom-detectadls
valae after sunaet, risiag again after suarise with imoreasing
thermal effects in the air at the surface of the earth.

The graph prepered by A. Ehmert (3) also shows that it is
the thermal turbulenee in the lowest layera of air caused by the
warned earth vhich briags oscne dowa froa adove after the aightly
ainimus. This graph ir shows in Illwstration 2 and revesls a
parallel between air teaperature aid osome toapteat with & saxiswa
Detween 2 and 3 o'cleek P.M. A strikiag feature of thess surves,
as well as of those i3 Illustratioa 1, is the rapid decreane of
osoRe sontent which aceompenies the siakiag of the ana tewurds
av « Apparently, a temperature iaversioa is quickly foraed
whieh lies close to the surface and which seals off a thin layer
of air aguinst exchanges with higher layers. The destrustiom of
oson~ can thea take place rapidly ia this thin layer. This effect
cas be reinforced by the reversal of the moveseat of air shiad
carries ogsone defieieat air from land to the lake in the evening




and back again in the morniag. Giver conditions of sinimal move-
ment of air, one finds air in the morning which has been located
over the lake all night and hardly exposed to osone-destructive
influences.

In Illustration 3, the upper curve shows higher ozons values
and an absence of the nightly ainims with strong westerly winda.
The destruction of ozone on the ground is cozmpensated for completely
by ozone brought in from higher layers. The large Iluctuations
can apparently be connected with wide-spread conditions of ture-
bulence of the air which brings masses of air of varying osone

content to the measuring site. In the vicinity of the Bodenses,
this can de masses of lake and of land air.

During calam weather on the banks of the Bodensee, an anti-
parallel course osn be observed bdetween turbulence and humidity (4).
Trom this, the decrease inm turbulsnce can be sstimated froa the
increase in humidity. When the air is still, it quickly takes on
& very high relative humidity. On the other hand, when thermal
currents occur, 4dry air comes down from the higher layers. For
this reason, we can see an inverse relationship (see Illustration
4) vetwesn Mumidity (which is reciprocal to turbulence) and the
onone coatant. Im this curve, the sudden incresasa in the amount
of ozone at 8130 in the eveniang is interesting. At this poist,

a squall moved over the measuriag station at a rate of 8 meters
Por seaodi. In addition %0 éxygen, this hrought dry air dows froa
greater altitudes, as dan bde seen from the jagged husidity lime

&t this poiat in tise. 4As the squull passed, the 0sone content
soon returned to aerc asd the humidity agaia isdressed. Raturally,
& condition of turdulence can alsc casuse the osone conteat at the
surface of the sarth to drop if the genersl weather conditions
should brimg down a layer of air shich had a lower osone content
than prevailed near the sarsh.

Local eonditions are act always ac simple a8 on the Bodea-
800. As» the configuratiea of the laad chamges, 20 sust else the
daily esurse of osome coatent near the ¢arth abaage. These ehanges
depead upos the degree to which stagnated air and teapereture ia-
versioas cea foram Asd the degres to which axohanges of air are ia-
luenced dy the configuratios of the terrain and locsl wind con-
diticns. This is borme out espscially by the sany sessuresents
of osone which are carried out at resort areas for clisatological
ressons. In mountain areas it oftes ocours that there is a secosd
osone maxiswa duriag the aight which oan be explainsd as 4ue to a
katabatie wiad which brings dowa osone-rieh air. Lverywhere ia
valleys or low areas where night drings ihe formation of a celd

pool with & teuperaturs iaversioc, the uigrtily osone minisus is
to b found, howgver.

Ia order to detersine the altitude to whieh the osone-~des-
tructive effects of the earth extemd is a eingie ease, we have set




two measuring devicea at our new research station at Weilenau

(20 kilometers from the Bodensee). The devices ars build on the
new principle by A. Ehmert. One was placed iz a meadow, the other
atop a 20 meter sast (see Illustration 5). Although the landacape
here is only gently rolling, the daily oszscne behavior has proved
to be by fax not as simple, sven during cala weather, as on the
banks of the Bodensee at Friedrichshafen. The alight depressions
in the earth's surface, the forest and a neardby river valley exert
their influences upon the wind and turbulence and therefore also
upon the daily ozone situation. Nonetheless, there are soze days
when the influence of the 20 meter difference in altitude beiween
the two apparatuses is clesrly manifested. Thus we see in Illustr-
ation 5 that the daytime ozone values are higher and at night the
o30ne concentration atop the tower usually does not fall as low
as that at the base of the tower.

Continucus osone registrations are presently being mafe
at feur locations in southern Gerwmany and at one place ia Swits-
erland (Arosa) with the nev omone measuring device designed by
Ehkers and he will report on these im this periodical im the near
future.

The influence of great differences in altitude can be seen
froa Illustration § on which the osone conditions as eeasured each
day by Esmert in Friedrichsbafen at an altitude of 400 meters and
at the easiera esd of th. Bodenses at 1064 meters om Pfiladergipfel
Posk are plotted. We a20te that She aightly d2orease in osene cea-
teat whieh was cbserved ia Friedrichshafen does mot exist ia the
aore diaturbed air atop the Pfisdergipfel which 1i¢8 exposed 40 the
-West. Oseasionally, as oa 17 Septesber 1940 at 10100 o'eleck P.N.,
Sore osome could be found ia Friedrichshafen, which agein indicates
a rotation of air masaes.

. The differences in daily oscne conditions under extensive
area relationsiips bdetweea a valley and aocuntaia statios are showa
even more ¢learly by two medsurements which were made with o chem~
2_!3 2ethod recently ia New Nexico (J. . Bewen and V. XK. Regeaer

) The mesasureasats vere sade aisultasecusly atep a sonavhat
iselated acuntaia -- Capille Peak, 2800 meters Migh, 900-13500
aeters higher thaa the surrocuading ares —- and at Station Asemite,
whieh lies Ln a broed valley Wt 1is gtill 2000 asters high, Il=
luatration 7 shows that flwstuations in osone comcentration eawsed
by weather coaditions cseur caly very irregularly at the scustaia
station, whereas regular strong osone aiaiss occcur eaeh night at
the valley statioa. (The measurements vere aade duriag Deceaber.)
In actuality, as shown by the temperature ocurve in Illustratica 8,
proncunced nightly temperature mimima cceur regularly at Acomita
Stevrioa. These preveat as sxebange of air with Mgher altitudes,
Wt this i3 aet thc ease et the mewatain statien (Illustratice 9).
Thete Beasurements show that the nightly deerceses ia omene oo~
sentratism also oeeur ia & dread valley ia scuntaineus terrais,
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although this takes place someshat aore gradually because of the
vast scale of the terrain. The osone minimum therefore occurs
towards morning, and on the third day ol our observations even
sesaed to be displaced to the following afternocon. The dissociating
effect of the earth's surface apparently extended to an enormous
volume Of air under the given local conditions. The balance drought
about through turbulence apparently took longer. Ia generul, it
could dbe said that the areas having little or no osone are larger
and more persistent where ever where favoradle local conditions
exist for the formation of large pools of cold air at night.

F¥ow as regards the fluctuating distribution of osone in the
free troposphere, I can only refer to the measurements of A. Rhmert
(6) which he made in ar airoraft during the war using the cheaical
method. The four measurements in Iilustrvations 10-13 were smade at
intervals of 2-3 days and, with one exceition, reached to an alti-
tude of 8.5 to 9 kilometers. On the first day (Illuatration 10) we
see first a minisua at san altitude of & kilometers, follcwed by a
slight increase in the csone/air ratio at 7 kilometers. Two days
later (Illustration 11) we cdserve s pronounced maximum at an al-
titude of 2 kilometers which shifted to 4-5 kilometers two more
4 later (Tllustration 12). Again thrae days later (Illustration
13), the maximus is seen to have bhecoame dissipated and a constant
value for the osoae/air ratio existed between 2 and mearly 6 kilo-~
aeters sltitade -~ an indiention that exteasive mixing had taken
place in the air layers detween those hdeights. The teaperature
line plotted on the left end the iadicated clouds show the way in
which this layer was isolated By inversions. In view of these
plotted values, there can be 30 doubt that the vertical exchange
of air (edvectioa end turdulence) play a role ia the distribution
of oaome ia the troposphere. Which feactor has the greater affect
in Apdividual cases can only be determiaed if the vertical distrid-
utioa of osene ia the troposphers could be measured sisultenecusly
at several jlases.

Tinally, ac regards the distridution of osone at stild
greater altitudes, I shall show here & collection of eight dis-
tributions (Illustretiom 14) which represent bdoth old and newly
obtained dats and which were obtained, with but one exception (8),
by means of dallooa ascents with gpectrographs. The variatien of
these ourves as soapared to our kaowledge of 10 or more yesrs age
i surprisiag. DBeside the well knowa 0ld curves which showed a
aaninws ia the ares of 20 kilometera or hAigher, we now see surves
where the maximum lies either bigher or lower, aa well as some
which show A second aximua et lewer altitudes, aush as thoae
found via the reversal sethud (7). Vorthy of particular mote is
the fact that the ration osoae/air varies greatly adove 20 kilo-
metere. This eta only be explained by assuming thaat a severe asd
reapid mixiag sust have takes place. The second aaxiaa at lesser
altitudes, which are usually fouad during the sprimg of the Year,
are most likely to de explained by advection of low-lying polar
bodies of air with a high coaceatratiom of csose. Probdabdly the

- 6 -




the maximum which ocoocurs at about 23 kilometers altitude caa be
connected with the photochemiocal theory as found by the tirst
early balloon ascents. My associate H. X. Paatszold recomputed
the vertical ozone diatribution using the formulas givex by
Schrtder (9), but varying the tonstants such as the (still not
clearly understood) absorption coefficient of oxygen, which

are applicable for ozone formation. He also tried changing
Beer's Law as well az varying the assumed temperature at the
altitudes which came intu consideration for osone formation.

The reaults (Illustration 15) showed, however, that all this had
little effect and that the curves still agreed for the mocst part.

Therefore, if the curves which are observed are found to
vary, the difference between them must be considered to be due to
the influeace of advectioa or turbulence. In any case, the curves
shown indicate the presence of siszeable vertical and horisontal
movenents at higher altitudes which have not been sufficiently

studied to date.

Illustration 16 shows an atteapt made by H. K. Paetasold
to connect the shapes of four curves receatly obtained with the
apsctrogreqh to the origin of the air masses. The origin of the
air sasses is naturally given with researvatioms, for the trajec-
tories at an altitude of 16 kilometera were used, and the way ia
which air moves at 16 kilometers ia mot kmown. Nevertheleas, &
sertala comneetiod seeas to bhe iadisated ia tust for the two eurves
showa oa the left which heve & pointed maxiamum, the air came froa
the area of the Asores, vhereas the trajectory for the lower right
dietridution ourve, whick has a proncunced saxinum below 20 iilo-
asters and shows indication of enother at a grester altitude, pointed
to North America. The curve at the wpper right, for which the air
at 16 kilometers altitude ceme from Oreecland shows, in sdditioa
to a sharp asxisus at 23 kilometere, guite coastaat and semevhat
high eacne eentent Betwesn 10 and 20 kilemetsre. The eurve whieh
Seens Bost Lo sorrespoad %0 the photecshenisal dalanee and whieh
alac hes a peiated maxisus which is wswally sennseted with a low
overall sencemtration of esone it Shat scasured in equetorial
air sasees. The deforwed aurves sesm Vo correapoad to the yolar
air masees which ocour here ia Burope most often in the spring
and which bave a higher overall osome content (10).

To give a detter picture, four characteristic cases seasured

:i:])a the spestrogreph are plotted together ia Illustretion 17 (1),
12).

3. fmmmaxx

The entire complexity of the predles of atasspheris osome
18 reflested ia the fluctuations of omeae comcentration at all

altitudes. Ia the layers of air lyiag imasdiately azext to the
surface of the earth, the oscas conteat slways drops to sero ia
stagaated air because of the destructive effects of the earth's




surface. In the troposphere, advection is the major factor in
ozone fluctuatlions. Recently greatly varying dietribution of
osone at higher altitudes have been found using the spectro-
graphic method in dalloon ascents. Ixtensive horizontal and
vertical movements of air aust be sssumed in order to explain
this feature of osone distribution at great altitudes.
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FIGURE APPENDIX
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Illustratioa 1. Daily comdition of osone near the earth's surface
ia Friedrichabafen/B (according te R. Auer).

Legend: (1)12 Uctsober 1938, weak grousd wind
9 September 1938, slight ground wind
26 Septeaber 1938, high pressurs, clear,
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ILlwntratioa 2. Oseme apd alr teadereture in Friedrichshates on
12 Mareh 1980, wy A. Bhmert.
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Illustration 3. Qaone and weather conditions near the earth's surface.
Upper line: with stxong westerly winds
Lower line: with light aortheasterly winds
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Illustration 4, Osone (top) and dumidity (vottem),
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I1lustration 3. Ozome situatios at altitudes of 1.4 and 20 acters.
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Illustration 6. Ozone situatioa atop Pfindergipfel Peak amd in
Friedrichshaten.

Lagend: % Osone density
Relative humidity
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Illustration 7. Ozone situatiom on a sountain pesk (CAP) and in
e broad valley (ACO).
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Illustration 8. Osome situation, air presaurse and temporature ia
a broad valley (A0D).
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I1llustration 9. Ozone situation, air pressure and teaperaturs atop
a mountain peak (CAP).
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Illuatration 10. VYertical osome distribution om 17 Auguat 1942,
By A. Khaert. abs (abaolute) = 10~) oz normal

nogc/ulmtcr path of air. rel (relative) e
10°° osone/adr.

Legend: @ Reight above ses level
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Illustration 11. Vertical omone diatridution on 19 Augwst 19h2.
By A. Ebaert. (Legend -- see Illustratica 10.)
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Illustration 12. Vertiesl Osone distridution aa 21 Augmat 1942,
By A. Bhaert. (Legesd ~- see Illustratios 10.)
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Illustration 135.
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Vertical ozone distribution on 24 August 1942.
By A. Ehaert.

oy (Legend -- mee Illuctration 10,)
o Hele : o Moe 1
] T
Voo A }
: ; i
& ; \ 1 \\‘\ &
T 0 S ! 5 N :
R I
i ,".ﬁ\ ¢ 7‘
) {.-'.. ’4‘» - 4
1&;‘ o ./
. ,.’7 - nyaN Ny
S a’-f// 1 — XCHN  SNiert
" — NN Bhisetey
] - Al
l o e Muponryo
‘ ‘ ~ Jmme .u . -
—- R I N drely
! | et Mndwiond)
\ , |
* |
0 [T ﬁl l

nqkn [) ] v %5;

Illustration 14. Greatly varying vertical osome distridutios.

Legend f; Altitade 2 65° South latitude
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3 osone/air
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Illustration 15. Theoretical vertical osone distribdution.
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Illustratiem 16. Vertieald osone diatribution asnd movemeats of

air masees.

Legead: @ Routes of air masses at altitude of
16 kilometers for Weissenau
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Illustration 17, Four characteristic types of vertical ozone

distribution.




